Atrophic non-unions are a major clinical problem. Mineral coated microparticles (MCM) are electrolyte-coated hydroxyapatite particles that have been shown in vitro to bind growth factors electrostatically and enable a tuneable sustained release. Herein, we studied whether MCM can be used in vivo to apply Bone Morphogenetic Protein-2 (BMP-2) to improve bone repair of atrophic non-unions. For this purpose, atrophic non-unions were induced in femurs of CD-1 mice (n = 48). Animals either received BMP-2-coated MCM (MCM + BMP; n = 16), uncoated MCM (MCM; n = 16) or no MCM (NONE; n = 16). Bone healing was evaluated 2 and 10 weeks postoperatively by micro-computed tomographic (µCT), biomechanical, histomorphometric and immunohistochemical analyses. µCT revealed more bone volume with more highly mineralised bone in MCM + BMP femurs. Femurs of MCM + BMP animals showed a significantly higher bending stiffness compared to other groups. Histomorphometry further demonstrated that the callus of MCM + BMP femurs was larger and contained more bone and less fibrous tissue. After 10 weeks, 7 of 8 MCM + BMP femurs presented with complete osseous bridging, whereas NONE femurs exhibited a non-union rate of 100 %. Of interest, immunohistochemistry could not detect macrophages within the callus, indicating a good biocompatibility of MCM. In conclusion, the local application of BMP-2-coated MCM improved bone healing in a challenging murine non-union model and, thus, should be of clinical interest in the treatment of non-unions.
Introduction
Despite the growing knowledge on the mechanisms of bone repair, inadequate fracture healing remains a substantial clinical problem. Approximately 10 % of all fractures result in delayed fracture healing or non-unions (Einhorn and Gerstenfeld, 2015) . While most hypertrophic non-unions can be successfully treated with stable osteosynthesis, the treatment of atrophic non-unions is often difficult and highly challenging (Megas, 2005) . Aetiologically, atrophic non-unions are multifactorial (Garcia et al., 2008a) . One of the main causes is a deficient osteogenesis (Kanczler and Oreffo, 2008) . The gold standard in the treatment of non-unions is autogenous transplantation of bone (Tang et al., 2012) . However, significant problems as e.g. limited supply and donor-site morbidity restrict its use (Yoneda et al., 2005) . Alternative treatment options such as allogenic bone transplantation are associated with other risks, including immune responses and transmission of diseases and infections (Bauer and Mutschler, 2000) .
Lately, multiple carrier systems have been introduced to apply angiogenic and osteogenic growth factors in order to circumvent these limitations. Unfortunately, initial burst releasing systems could not show any significant 
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improvements in bone healing (King and Krebsbach, 2012; Einhorn, 2003) . Subsequently introduced carrier systems, such as e.g. hydrogels or nanoparticles, enabled a sustained release of growth factors (Burdick et al., 2002; Ghosh et al., 2008) . In order to control and tune the release of growth factors according to individual needs, sophisticated delivery systems such as mineral coated microparticles (MCM) have recently been developed (Yu et al., 2014) . MCM are electrolyte-coated hydroxyapatite particles that are able to bind growth factors, such as Bone Morphogenetic Protein-2 (BMP-2). Bone morphogenetic proteins have been shown to play an important role in fracture healing (Mi et al., 2013) . BMP-2 is a member of the transforming growth factor-β superfamily and induces bone formation in vivo (Huang et al., 2008) . BMP-2 plays a crucial role in the signalling cascade in human fracture callus. Its expression is significantly reduced in cartilaginous tissue of non-unions compared to that of normal healing fractures (Kloen et al., 2003; Kwong et al., 2009) . BMP-2 acts during the early stage of fracture healing by promoting differentiation of mesenchymal stem cells and osteoprogenitor cells into osteoblasts (Mi et al., 2013; Cheng et al., 2003) . Numerous studies using in vitro, ex vivo and in vivo settings have investigated the molecular pathways of BMP-2, demonstrating a triggering function of osteogenesis through various autocrine and paracrine regulatory mechanisms, such as the BMP/Smad-pathway (Mi et al., 2013; Huang et al., 2008; Cheng et al., 2003; Tsuij et al., 2006; Turgemann et al., 2001; Zegzula et al., 1997; Gazit et al., 1999; Ten Dijke et al., 2006) .
In vitro, binding and release kinetics of MCM have been analysed for BMP-2 in detail. While BMP-2 binding is linear to the BMP-2 dosage used for incorporation of the growth factor, the release profile is dependent on the composition of the electrolyte coating (Yu et al., 2014) . In vivo, however, the action of BMP-2-coated MCM has not been studied yet. Therefore, we herein analysed for the first time whether BMP-2-coated MCM can improve bone repair in atrophic non-unions in vivo. We studied this hypothesis in a well-established murine model of an atrophic nonunion in femurs using radiological, biomechanical, histomorphometric and immunohistochemical techniques.
Materials and Methods

Preparation and characterisation of MCM
To prepare the MCM for coating, 100 mg of hydroxyapatite particles were incubated in 50 mL of modified simulated body fluid (mSBF) at 37 °C for 7 d as described previously (Yu et al., 2014) . The mSBF was changed daily in order to maintain consistent ion concentrations for mineral coating growth. The ionic composition of mSBF is described in Table 2 .
The pH of mSBF was adjusted to 6.8 by using HCl/ NaOH. After the coating process MCM were rinsed with deionised water and lyophilised. The morphology and composition of the MCM were examined by scanning electron microscopy. The surface morphology of the MCM was analysed by a LEO 1530 field emission scanning microscopy (Zeiss, Jena, Germany) after sputter coating with gold.
Binding and release kinetics of MCM
To determine the binding and release profile of MCM, radiolabelled BMP-2 ( 125 I-labelled BMP-2, Perkin Elmer, Waltham, MA, USA) was used as described previously (Yu et al., 2014) . Briefly, 5 mg of electrolyte-coated MCM were incubated in 1 mL solution with 16 µg/mL BMP-2 (0.5 % 125 I-BMP-2, Perkin Elmer, Waltham, MA, USA) in phosphate buffer solution (PBS) at 37 °C for 4 h with rotation. The MCM were then centrifuged at 12,000 rpm for 2 min and washed once with 1 mL PBS. The radioactivity in the supernatant and washing PBS was measured by a Packard Cobra II gamma counter (Perkin Elmer, Waltham, MA, USA) to determine the BMP-2 amount in these solutions. The binding efficiency of the microparticles was calculated from the protein concentration change before and after binding.
For BMP-2 release, the BMP-2-coated MCM (5 mg) of the binding assays were incubated in 1 mL mSBF (pH 7.4) at 37 °C and the released protein amount was determined by measuring the radioactivity of the release medium using the gamma counter at predetermined time points.
For the in vivo experiments in mice, MCM were coated with rhBMP-2 (eBioscience, Affymetrix, Santa Clara, CA, USA) by incubating 2 mg MCM in 2 mL PBS containing 20 µg/mL BMP-2 at 37 °C for 4 h with rotation. The MCM were centrifuged for 3 min and then washed with PBS once.
Animals
We used 9 to 14 weeks old CD-1 mice with a mean body weight of 35 ± 3 g. The animals were bred at the Institute of Clinical and Experimental Surgery, Saarland University, Homburg/Saar, Germany. The animals were kept at a 12/12 h light and dark cycle and had access to tap water and standard pellet food (Altromin, Lage, Germany) ad libitum. The study was conducted in accordance with the German legislation on protection of animals and the NIH guidelines for the care and use of laboratory animals and has been approved by the local governmental animal care committee. Table 2 : Ionic composition of modified simulated body fluid. The mSBF includes ions in a welldefined composition and is buffered by hydroxyethyl-piperazineethanesulphonic acid (HEPES).
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Surgical Procedure
Femoral atrophic non-unions were induced in CD-1 mice (n = 48) by creating a segmental bone defect, which was stabilised using the pin-clip technique as described previously in detail (Garcia et al., 2008a) . Briefly, animals were anaesthetised by an intraperitoneal injection of 25 mg/ kg Xylazine (Bayer, Leverkusen, Germany) and 75 mg/kg Ketamine (Serumwerk Bernburg AG, Bernburg, Germany). Under aseptic conditions an approximately 4 mm medial parapatellar incision was performed at the right knee and the patella was dislocated laterally. After inducing a hole (diameter 0.5 mm) into the intercondylar notch, a distally flattened 24 Gauge needle (diameter 0.55 mm) was implanted intramedullary. The pin was flattened at the distal end to avoid secondary pin dislocation. After insertion of the pin, the diaphysis of the femur was exposed by a lateral approach. Then, a custom-made clip of 6 mm length was implanted ventro-dorsally into the femur and lateral of the already implanted pin. Subsequently, an osteotomy with a gap size of 1.8 mm was created under permanent saline cooling between the two brackets of the metallic clip using size-standardised spherical trephines. The gap sizes were controlled by custom-made templates. The metallic clip inserted before creation of the gap guaranteed that the gap size was maintained. Moreover, the periosteum was stripped 2 mm proximally and distally of the gap along the longitudinal axis of the femoral bone. All procedures were done under an operating microscope, resulting in a high level of precision. The group NONE (n = 16) did not receive microparticles, leaving the osteotomy gap blank.
In the group MCM (n = 16) 2 mg of uncoated MCM were implanted into the osteotomy gap by direct injection with a 10 µL syringe under visual control. The animals of the group MCM + BMP (n = 16) received also by direct injection MCM coated with approximately 13.7 µg BMP-2/ mg MCM. The dosage of BMP-2 was chosen based upon pre-experiments and an extensive literature search (Saito et al., 2003; Schmidmaier et al., 2002; Suárez-González et al., 2014; Kanczler et al., 2010) . Finally, wound closure completed the surgical procedure. Animals were killed at 2 (n = 8 each group) and 10 weeks (n = 8 each group) after surgery by an overdose of barbiturates. Prior to sacrifice, X-rays of the operated femurs were taken to exclude secondary dislocation of the metallic implants. Then, femurs were harvested to investigate bone healing by micro-computed tomography (µCT) as well as by biomechanical, histomorphometric and immunohistochemical analyses.
µCT
The specimens (n = 8 per group) were scanned (Skyscan 1172, Bruker, Billerica, MA, USA) at a spatial resolution of 8.9 μm (tube voltage: 50 kV; current: 200 μA; intervals: 0.4°; exposure time: 2400 ms; filter: 0.5 mm aluminium). Images were stored in three-dimensional arrays. To express grey values as mineral content (bone mineral density; BMD), calcium hydroxyapatite (CaHA) phantom rods with known BMD values (0.250 g and 0.750 g CaHA/ cm
3 ) were employed for calibration. The region of interest (ROI) defining the novel bone was contoured manually excluding any original cortical bone as well as the microparticles. In order to exclude MCM and soft tissue from bone tissue, the ROI was processed with a threshold procedure (CTAnalyser, Bruker, Billerica, MA, USA). The thresholding also allowed the differentiation between highly and poorly mineralised bone. The thresholds to distinguish between highly and poorly mineralised bone were based upon visual inspection of the images, qualitative comparison with histological sections and other studies investigating bone repair and callus tissue by µCT (Bosemark et al., 2013; Morgan et al., 2009; Isaksson et al., 2009) . A BMD with more than 0.642 g/cm 3 resulting in grey values of 98-255 was defined as highly mineralised bone. Poorly mineralised bone was assumed to have a BMD value between 0.410 g/cm 3 and 0.642 g/cm 3 resulting in grey values of 68-97. MCM had a mean grey value of 37.8 (± 0.02) resulting in 99.96 % of MCM having a grey value under the lower threshold of 68.
The following parameters were calculated from the callus region of interest for each specimen: highly mineralised bone volume (BV high ), poorly mineralised bone volume (BV low ), bone volume fraction of tissue volume (BV total /TV) and average bone mineral density for highly and poorly mineralised bone (BMD high and BMD low ). The BMD was calculated by using the voxels within the aforementioned thresholds.
Biomechanical analysis
Bending stiffness was measured by a 3 point bending device (Mini-Zwick Z 2.5, Zwick, Ulm, Germany) using a non-destructive approach (Histing et al., 2016) . This allowed us to use the specimens also for the histological and immunohistochemical investigations and, thus, to reduce the number of laboratory animals needed.
Histology and histomorphometry
After biomechanical testing, bones were fixed in 4 % phosphate buffered formalin for 24 h, decalcified in 13 % EDTA solution for 3 weeks and then embedded in paraffin. For histomorphometric analysis, longitudinal sections of 5 µm thickness were stained according to the trichrome Masson Goldner method. At a magnification of 12.5× (Olympus BX60 Microscope, Olympus, Shinjuku, Japan; Zeiss Axio Cam and Axio Vision 3.1, Zeiss) structural indices were calculated according to the recommendations of Gerstenfeld et al. (2005) . The following histomorphometric parameters were evaluated: (i) total periosteal callus area; (ii) bone callus area; (iii) cartilaginous callus area; (iv) fibrous callus area. The total periosteal callus area was defined as all osseous, cartilaginous and fibrous callus tissue between the two drilling holes of the clip outside of the cortices. Pre-existing cortical bone of the proximal and distal fragment, however, was excluded. Each area was marked and calculated using the ImageJ analysis system (NIH, Bethesda, USA). We assessed only periosteal callus area, because endosteal callus formation might have been affected by the intramedullary implant.
In addition, a scoring system (modified Goldberg Score) was used to evaluate the quality of gap bridging as described previously (Garcia et al., 2008a; . Both cortices were analysed regarding osseous M Orth et al.
BMP-2-coated MCM and bone repair bridging (2 points), cartilage bridging (1 point) or bridging by fibrous tissue (0 points). This scoring system allowed a maximum of 4 points, indicating complete bone bridging and a minimum of 0 points, indicating lack of bone healing. In order to evaluate if MCM could be detected within the osteotomy gap at 2 weeks and 10 weeks after surgery, 5 µm sections were additionally cut and stained with haematoxylin and eosin (HE) according to standard procedures.
Immunohistochemistry
In order to analyse the biocompatibility of MCM in vivo, we performed immunohistochemical staining of macrophages by using a rabbit polyclonal anti-F4/80 antibody as primary antibody (1:50; ab111101, Abcam, Cambridge, UK). This was followed by a biotinylated goat anti-rabbit IgG antibody (ready-to-use; ab64256, Abcam). 3,3′-diaminobenzidine (D4168, Sigma-Aldrich, St. Louis, USA:) was used as chromogen. The sections were counterstained with Mayer's haemalum (1.09249.1000, Merck, Darmstadt, Germany) and examined by light microscopy (Olympus BX60; Olympus, Shinjuku, Japan). Immunohistochemically stained sections from mouse lungs served as positive control for the detection of F4/80-positive alveolar macrophages. Sections without incubation with the primary antibody against F4/80 served as negative controls.
Statistical analyses
All data are given as means ± standard error of the mean (SEM). First, data were tested for normal distribution and equal variance. In case of parametric data, comparisons between the experimental groups were performed by oneway ANOVA followed by a Holm Sidak test for all pairwise comparisons, including the correction of the α-error according to Bonferroni probabilities. In case of nonparametric data, comparisons between the experimental groups were performed by one-way ANOVA on ranks followed by a Dunn's test for all pairwise comparisons, which also included a correction of the α-error according to Bonferroni probabilities. The statistical analyses were performed using the SigmaPlot software 11.0 by Systat software (San Jose, USA). A p-value < 0.05 was considered to indicate significant differences.
Results
Characterisation of MCM
The scanning electron microscopy images of MCM revealed a uniform layer of mineral coating with a typical plate-like structure after incubating hydroxyapatite particles in mSBF for 7 d (Fig. 1) . As described by Yu et al. (2014) , the size of the nano-scale plates is dependent on the concentration of HCO 3 − in mSBF. Using 4.2 mM HCO 3 − in this study, the morphology of MCM with a size of the nano-scale plates of approximately 1 µm was comparable to previous results.
Binding and release kinetics of MCM
The binding efficiency of MCM used in this study was 68.6 % (± 1.1 %) of the concentration of the incorporating solution. The release profile revealed an initial minor burst release, followed by a sustained release. After 60 d 61.7 % of the bound growth factor had been released (Fig. 2) .
X-ray and µCT
The X-rays taken prior to sacrificing showed no osseous bridging in animals of the groups NONE and MCM, while animals of MCM + BMP demonstrated a callus formation after 2 weeks and osseous bridging after 10 weeks (Fig.  3) . Of interest, callus formation in the MCM + BMP group 
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was not evenly distributed around the femoral cortices but tended to develop on the dorsal side of the femur (Fig. 3e) . This observation may be due to the fact that the structure of the clip allowed more interfragmentary movement between the clip legs at the dorsal side of the femur, which, in turn, promoted endochondral ossification and, thus, more callus formation.
The µCT analysis revealed a significantly increased formation of highly and poorly mineralised bone volume after 2 weeks and 10 weeks in the group MCM + BMP compared to MCM and NONE. Whereas the total bone volume was reduced after 10 weeks compared to 2 weeks, the highly mineralised bone volume was higher after 10 weeks. BV total /TV was significantly higher in the group MCM + BMP compared to the MCM and NONE groups after 2 weeks and compared to MCM after 10 weeks (Fig.  4) . BMD high and BMD low were not significantly different at 2 weeks and 10 weeks between MCM + BMP, MCM and NONE (data not shown).
Biomechanical analysis
Femurs of MCM + BMP animals exhibited a significantly higher bending stiffness after 2 weeks as well as after 10 weeks (Table 3 ). In fact, the femurs of the MCM and NONE groups showed practically no bending stiffness at 2 weeks and 10 weeks, which indicates non-union formation. In contrast, femurs of the MCM + BMP group revealed an increasing bending stiffness over the 10 weeks period, which indicates bone repair (Table 3) . However, the bending stiffness in the group MCM + BMP was only 36 % of that measured for non-fractured femurs (47.7 ± 4.9 N/ mm).
Histomorphometric analysis
HE staining of sections after 2 weeks and 10 weeks revealed that MCM could still be detected at the site of implantation, proving that MCM had not dissolved during the study period (Fig. 5) . Moreover, many MCM accumulated to larger aggregates over time (Fig. 5) .
At 2 weeks after surgery the modified Goldberg score demonstrated an improved bridging of the osteotomy gap of MCM + BMP femurs compared to MCM and NONE femurs. At 10 weeks, 7 of 8 specimens of the MCM + BMP group exhibited complete osseous bridging, while only 2 of 8 specimens of the group MCM and 0 of 8 specimens of the group NONE showed osseous bridging (Table 3) .
At 2 weeks and 10 weeks after surgery the femurs of MCM + BMP animals exhibited a significantly larger total periosteal callus area compared to the femurs of MCM and NONE animals (Fig. 6) . In addition, analysis of the callus composition showed a greater fraction of bone and a smaller fraction of fibrous tissue in MCM + BMP femurs after 2 weeks and 10 weeks (Fig. 6i, j) . After 10 weeks, no cartilage tissue was detectable in the callus of MCM + BMP femurs, while some femurs of the MCM + BMP group showed complete remodelling at this time point (Fig.  6f) .
Immunohistochemical analysis
Additional immunohistochemical analyses of the bone defects in all groups, which had received microparticles, showed that MCM did not induce a relevant inflammatory response. In fact, F4/80 positive macrophages were only rarely detected in direct vicinity to MCM and MCM aggregates, indicating a good biocompatibility (Fig. 7) .
Discussion
The present study is the first demonstration to use MCM as therapeutic delivery carrier for non-union healing. The results of the study confirmed our hypothesis that the treatment with BMP-2-coated MCM is capable of improving bone repair in atrophic non-unions in mice. 
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In line with a previous in vitro study and comparable to optimal drug delivery systems using other techniques, the binding efficiency and the release kinetics of the MCM used in the present study were as expected (Yu et al., 2014; Babu et al., 2008; Carrasquillo et al., 2001) . The incorporation of growth factors is a crucial factor for delivery strategies. Complicated processes and storagerelated stresses used in other approaches can lead to loss of protein activity (Suárez-González et al., 2012) . The binding protocol in the present study only involved a simple buffer incubation. Previous studies could show that protein binding on mineral coatings proceeds through electrostatic interactions between the calcium phosphate mineral surface and the side chains on proteins as well as through the nano-porous structure of the MCM (Luong et al., 2006; Kandori et al., 2004; Xia et al., 2012; Ginebra et al., 2012) . Especially the large surface area of the MCM allows for an efficient binding of the growth factor, while the binding protocol itself is technically easy, standardised and reproducible.
The ionic composition of MCM can be modified, resulting in a different stability and a different release Fig. 4 . µCT images of femurs at 2 weeks (a-c) and 10 weeks (d-f) after surgery of NONE (a,d), MCM (b,e) and MCM + BMP animals (c,f). Bars represent 1 mm. Panels g and h display poorly (black bars) and highly (white bars) mineralised bone volume at (g) 2 weeks and (h) 10 weeks after surgery within the callus of NONE, MCM and MCM + BMP femurs. Panels i and j display the ratio total bone volume/tissue volume at (i) 2 weeks and (j) 10 weeks after surgery of NONE, MCM and MCM+BMP femurs. Mean ± SEM; a p < 0.05 vs. NONE and MCM; b p < 0.05 vs. MCM.
kinetic (Yu et al., 2014) . In the present study, we used a carbonate concentration of 4.2 mM. According to Yu et al. (2014) this concentration reduces the release of BMP-2 within the first 30 d when compared to a higher concentration of 100 mM HCO 3 − . On the other hand, MCM containing a lower carbonate concentration show a higher binding efficiency and a reduced calcium release, indicating a higher stability of the MCM. Because non-unions in mice are defined by a lack of healing over a 10 weeks period (Garcia et al., 2008a; Manigrasso and O'Connor, 2004) , we have chosen an experimental observation period of 10 weeks. Because of this long in vivo experimental setup, we used MCM with the lower carbonate concentration in the present setting. We felt that these MCM are more suitable for our study due to their higher stability and their prolonged release kinetics.
As described by Yu et al. (2014) and confirmed by our results, BMP-2 showed a minor burst release in vitro within the first days, when MCM were single-coated. Taking into account the results of our in vivo study 2 weeks postoperatively, this supports the hypothesis that non-union formation is due to a reduced expression of osteogenic growth factors such as e.g. BMP-2/-4/-6/-7 during the early stage of bone healing (Mi et al., 2013; Cheng et al., 2003; Tsuij et al., 2006; Schmidmaier et al., 2002; Garcia et al., 2012; Schwabe et al., 2014) . Although we do not have any data on BMP-2 release from MCM in vivo, our study demonstrates for the first time that the release of BMP-2 from MCM generates healing in a challenging non-union model. In this context it is noteworthy that MCM, after incorporation of growth factors, are of jelly-like consistency. This facilitates the application to a fracture site by direct, X-ray-controlled injection or other minimal invasive procedures instead of requiring further surgery for application. On the other hand, this consistency guarantees the continuance in position of application, as also confirmed in the present study.
In the present pin-clip model, the creation of a 1.8 mm bone defect combined with periosteal stripping representing the group NONE showed a non-union rate of 100 % and, thus, served as an internal control of the murine model used in this study. These findings confirmed previous results using this model (Garcia et al., 2008a; Garcia et al., 2008b; Garcia et al., 2012; Holstein et al., 2009; Holstein et al., 2011; Histing et al., 2009; Histing et al., 2011) . In contrast, MCM + BMP treatment induced osseous bridging already after 2 weeks. While biomechanical stability was still low at this early time point, MCM + BMP resulted in complete bridging with highly mineralised bone and, accordingly, in a markedly improved biomechanical stability after 10 weeks. The fact that MCM + BMP showed a reduced total callus area and total bone volume at 10 weeks compared to 2 weeks may be interpreted as adequate bone healing, including the process of remodelling, which is characteristic for the late stage of bone repair (Schindeler et al., 2008; Hankenson et al., 2014) . The dosage of BMP-2 used in rodent animal models varies (Saito et al., 2003; Schmidmaier et al., 2002; Kanczler et al., 2010) . However, the dosage necessary to improve bone repair is not elucidated yet and may depend on the route of application and the use of the carrier system. In the present study the in vivo application of MCM + BMP, containing 27.4 µg BMP-2 per mouse, was successful to prevent the formation of a non-union by significantly increasing the size of the callus, the bone volume and the bending stiffness. According to the aforementioned release kinetics, we assumed a release of 8.5 µg of BMP-2 within the first 7 d and a release of 13.7 µg BMP-2 within the first 30 d. Compared to other studies using BMP-2 in vivo we actually applied a rather small amount of active BMP-2 at the fracture site. However, our results show that the amount of BMP-2 was obviously sufficient and might even be reduced further in follow-up studies. Particularly in view of a potential clinical application, this may markedly contribute to reduce costs and to minimise potential adverse effects, which have been reported for high dosages of BMP-2, such as heterotopic bone formation, immunological reactions and oedema (Gottfried and Dailey, 2008; Villavicencio et al., 2005) . In these cases, it is necessary to reduce the dosage of the growth factor to a minimum. Besides, it is possible to apply MCM by direct injection or other minimal invasive procedures instead of requiring further surgery for application, which reduces the risk of surgery-related complications as well as surgeryrelated costs.
Conclusions
The use of MCM in bone healing has a great potential due to their ability to be tailored according to individual needs. In the present study MCM were tested for the first time in vivo. MCM coated with BMP-2 induced complete healing of atrophic non-unions in mice. Thus, MCM as a carrier and release system for BMP-2 should be of greatest interest for the treatment of delayed fracture healing and non-unions in clinical practice.
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and used as carrier systems for BMP-2 in experimental studies. However, they bear the disadvantage that their BMP-2 release rates are quite high during the initial days after implantation. For instance, Yang et al. (2011) reported that non-coated collagen scaffolds exhibit a total release of 98 ± 2 % of the bound BMP-2 within only 24 h. In contrast, the herein studied MCM are electrolyte-coated hydroxyapatite particles, which allow a more sustained release of BMP-2 over longer time periods. This is a major advantage given the fact that BMP-2 should not only be present for a short time in the fracture gap, but should continuously stimulate bone formation to exert a maximal positive effect on fracture healing (ten Dijke et al., 2006) . Based on these findings, it may be assumed that in the present experimental setting conventional BMP-2-coated collagen scaffolds would not induce an osseous bridging of the bone defect in contrast to the group MCM + BMP.
Chris Evans:
The total dose of BMP-2 delivered to each defect is 27.4 µg. This seems very high. Authors: We do not feel that our BMP-2 dose was very high when compared to other studies. In fact, given a total release from the MCM of only 62 % of the initially bound BMP-2 within the first 60 d, the bone defects were treated with an effective dose of 17 µg BMP-2. In comparison, Kanczler et al. (2010) used a total dose of 20 µg BMP-2 in combination with vascular endothelial growth factor (VEGF) to improve bone healing in a non-union mouse model. By this, they observed a significant increase of bone volume, but, in contrast to our results, no osseous bridging of the bone defects. These discrepant findings may be explained by the fact that the MCM used in our study allowed a more sustained release of BMP-2. The proven effectiveness of our approach raises the question, if the dosage of BMP-2 to induce osseous bridging can be even further reduced in the present experimental setting. We plan to study this in additional follow-up studies.
Chris Evans: Fig. 6 e,f shows no cartilage at 2 or 10 weeks. Does this suggest that healing is intramembranous? Authors: Our histomorphometric analyses revealed that cartilage formation was reduced in the group MCM + BMP at 2 weeks after surgery when compared to the other two groups (Fig. 6i) . Moreover, cartilage tissue was not detectable anymore in the group MCM + BMP at 10 weeks after surgery (Fig. 6j) . Taken together, these findings indicate that the healing of the bone defect was markedly accelerated in this group when compared to the other groups. Nonetheless, we feel that the healing of the bone most probably occurred as a mixture of intramembranous and endochondral ossification. This view is supported by the results of other studies, demonstrating that BMP-2 is capable of stimulating both, intramembranous as well as endochondral ossification (Stoeger et al., 2002; Kawai et al., 2005; De Santana et al., 2015) .
